INTRODUCTION
============

Highly repetitive sequences called telomeres exist at the ends of eukaryotic chromosomes. Human telomeric DNA is 5- to 8-kb long and composed of repeats of the d(TTAGGG) sequence, with a 3′-single-stranded overhang of ∼200 nt ([@B1],[@B2]). Telomeres are associated with a specific set of proteins that serve to protect chromosome ends from fusion and degradation ([@B3; @B4; @B5]). In mammals, TRF2 binds to double-stranded telomeric DNA and protects the telomere ends ([@B6]). Another protein, POT1, is thought to modulate telomere elongation ([@B7; @B8; @B9]). The T-loop structure, in which the overhang loops back and invades the duplex telomeric DNA, can also protect chromosome ends ([@B10]).

The telomeres of most somatic cells become shorter on replication; whereas, those of germ cells and cancer cells maintain their lengths through elongation by telomerase, which is active in these cells ([@B11]). Telomerase is composed of reverse transcriptase (TERT) and telomerase RNA, which is used as a template for reverse transcription. It is unknown how telomerase is recruited to telomeres. Telomerase requires an accessible 3′-overhang for the elongation. DNA rich in guanosine residues tends to form a quadruplex with guanine-tetrad planes as core structures ([@B12]). Telomeric DNA is rich in guanosine residues and thus its quadruplex structure is supposed to play certain roles in the regulation of telomere length. In particular, the finding that telomerase activity is inhibited on formation of the quadruplex ([@B13; @B14; @B15]) has attracted attention in terms of the development of novel anticancer drugs.

Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) is one of the most abundant nuclear proteins and involved in a variety of processes such as alternative splicing and mRNA transport ([@B16; @B17; @B18; @B19; @B20]). HnRNP A1 is composed of 320 residues. UP1 is a proteolytic product of hnRNP A1 and encompasses the N-terminal two-thirds of hnRNP A1, being composed of 196 residues. HnRNP A1 and UP1 possess two ribonucleoprotein (RNP)-type DNA/RNA-binding domains (BD1: K15-A89 and BD2: K106--A180). It has been shown that a deficiency of hnRNP A1 expression in a mouse erythroleukemic cell line is associated with short telomeres and that restoring hnRNP A1 expression increases the length of telomeres. Telomere elongation was also observed upon the introduction of exogenous UP1 ([@B21]). It was found that RNAi-induced reduction in hnRNP A1/A2 in HeLa cells was associated with a change in the distribution of the length of G-tails ([@B22]). Then, it was reported that hnRNP A1 stimulates telomerase activity. The association of hnRNP A1 with telomeres *in vivo* was also reported ([@B23]). A mechanism by which hnRNP A1/UP1 stimulates telomerase activity and modulates telomere length has been proposed. We demonstrated that UP1 can unfold the quadruplex structure of telomeric DNA into a single-stranded structure ([@B24]), which was later supported by another group ([@B25]). Here, UP1 may either directly unfold the quadruplex into the single-stranded structure or indirectly shift the equilibrium to the single-stranded structure through binding and stabilization of the single-stranded structure. We also revealed that DNA synthesis is arrested at the G-rich region of the synthetic template in a specific DNA polymerase stop assay due to the formation of the quadruplex and that UP1 can abrogate the arrest through unfolding of the quadruplex ([@B24]). Through the analogy, this finding led us to propose that hnRNP A1/UP1 facilitate telomerase activity through unfolding of the quadruplex of the overhang, which results in the provision of an accessible overhang ([@B24]). A similar role and mechanism in telomere maintenance were proposed for another related protein, hnRNP D, on the basis of its structure and ability to unfold the quadruplex ([@B26]). Later, a related idea was proposed by another group ([@B23]).

Another mechanism was also proposed. It was found that hnRNP A1 may interact simultaneously with telomerase RNA and telomeric DNA. It was suggested that hnRNP A1 may help recruit telomerase to the ends of chromosomes through the simultaneous interaction, resulting in the enhancement of the telomerase activity ([@B27]). Stimulated by this proposal, we started the present study. First, we found that UP1 both enhances and represses the synthesis of telomeric DNA, depending on the length of newly synthesized telomeric DNA. The formation of the UP1--telomerase RNA--telomeric DNA ternary complex was revealed by a gel retardation experiment. Then, the interactions in the binary and ternary complexes were elucidated for the first time at the residue level by NMR. On the basis of the elucidated interactions, a model accounting for the enhancement and repression of the telomerase activity by UP1 was constructed.

MATERIALS AND METHODS
=====================

Preparation of UP1
------------------

The expression plasmid pGEX-6P-2 was described previously ([@B24]). *Escherichia coli*, BL21(DE3), was transformed with this plasmid. The cells were grown in LB medium and GST-UP1 fusion protein was expressed. For the preparation of ^13^C, ^15^N-labelled UP1, the LB medium was replaced by M9 minimal medium containing ^15^NH~4~Cl and ^13^C-glucose. GST-UP1 was purified with a glutathione Sepharose FF column (GE Healthcare, Buckinghamshire, England). Release of UP1 from GST-UP1 was performed with PreScission Protease (GE Healthcare). UP1 was further purified with a Q Sepharose FF column (GE Healthcare).

Assaying of the telomerase activity
-----------------------------------

A telomerase extract was prepared from HeLa cells in lysis buffer ([@B11]). The presence of either hnRNP A1 or hnRNP D was monitored by western blotting. Telomerase activity was examined by means of a modified TRAP method ([@B28]) with TeloChaser (Toyobo, Osaka, Japan). Products were run on a 10% polyacrylamide gel, stained with SYBER Green II, and detected with a FLA 5000 (Fuji Film, Tokyo, Japan). The intensities of bands were quantified with Image J.

Gel retardation experiments
---------------------------

Cy5-labelled 15-mer telomerase RNA, r(UGAGAAGGGCGUAGG), was incubated with various amounts of UP1 at 4°C for 30 min in a 20 μl solution comprising 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 5% glycerol and 2 μg BSA. Competitor tRNA was also added in some case. For the examination of the formation of the ternary complex, 12-mer telomeric DNA, d(GTCTTAGGGCAG), was added to the solution of the UP1:15-mer telomerase RNA binary complex. DNA possessing one telomeric repeat in the middle of a non-telomeric sequence was used, because DNA with multiple telomeric repeats sometimes could form the artificial aggregate caused by intra- and intermolecular interactions through multiple interactive sites. The mixtures were run on a 10% polyacrylamide gel, with detection with a FLA2000 (Fuji Film).

NMR spectroscopy
----------------

UP1 was dissolved in a solution comprising 20 mM Na-phosphate buffer (pH 6.5), either 0 or 150 mM NaCl, 2.7 mM ^2^H-DTT, 1 mM protease inhibitors, Pefabloc SC(AEBSF) (Roche Applied Science, Mannheim, Germany) and 5% ^2^H~2~O. The UP1 concentrations were 0.5--1.0 mM for the structural analysis and 0.2 mM for the titration. NMR spectra were recorded with Bruker (Rheinstetten, Germany) DRX600 and DRX800 spectrometers equipped with a cryoprobe. The following NMR spectra were obtained to assign resonances: HSQC, ^15^N-edited NOESY-HSQC, ^13^C-edited NOESY-HSQC, HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB, CBCA (CO)NH, C(CO)NH and H(CCO)NH. For the titration experiments as to the formation of binary complexes, a concentrated solution of either 15-mer telomerase RNA or 12-mer telomeric DNA was added step by step to the UP1 solution. For the titration experiment as to the formation of the ternary complex, a concentrated solution of 12-mer telomeric DNA was added step by step to the solution of UP1--telomerase RNA binary complex. An equimolar amount of telomeric DNA to telomerase RNA was added at the end of the titration. Spectra were processed and analyzed with XWIN-NMR (Bruker), NMRPipe ([@B29]), Capp/Pipp/Stapp ([@B30]), Sparky ([@B31]) and Kujira ([@B32]). Combined chemical shift perturbation as to H^N^ and N was defined and calculated as where Δ*δ*~HN~ and Δ*δ*~N~ are the chemical shift perturbations for H^N^ and N resonances, respectively.

RESULTS
=======

Effect of UP1 on the telomerase activity
----------------------------------------

The effect of UP1 on the telomerase activity was examined. Before the examination, it was revealed on western blotting that hnRNP A1 and hnRNP D were almost completely depleted in the course of the preparation of the telomerase extract from HeLa cells, although the HeLa cells originally contained these proteins (data not shown). It is supposed that endogenous hnRNP A1 and hnRNP D bound to endogenous DNA/RNA and were co-precipitated during the preparation, resulting in the depletion. Then, [Figure 1](#F1){ref-type="fig"} shows the effect of UP1 on the telomerase activity of the extract prepared from HeLa cells, as monitored with a modified TRAP method. The intensities of all bands were summed up for each lane in [Figure 1](#F1){ref-type="fig"}. The total intensity in each lane was calibrated with the intensity of the band of the internal control. The calibrated total intensities in individual lanes were compared. The relative intensities were 1.0, 1.7, 1.3 and 1.0 for the UP1 concentrations of 0 µM, 1 µM, 2.5 µM and 5 µM, respectively. Thus, UP1 increases the total activity of telomerase. The primer used in a modified TRAP method contains three d(GGGG) sequences and one d(GG) sequence ([@B28]), and so potentially may form a quadruplex. When telomeric DNA repeats are added to the primer by telomerase, the formation of the quadruplex is more likely. It is supposed that the enhancement of the activity is brought about by UP1 through recruitment of telomerase to telomeric DNA and also through unfolding of the quadruplex of telomeric DNA, as discussed later. The enhancement became the maximum with the UP1 concentration of ∼1 µM and was counteracted with higher UP1 concentrations. UP1 is denatured and removed from a system before a PCR step in the procedure with a TeloChaser. Therefore, it is certain that the affect of UP1 on the TRAP assay is at the level of extension by telomerase and not PCR amplification. Figure 1.The effect of UP1 on the telomerase activity, as monitored by the TRAP method. The elongation of telomeric DNA was carried out with a telomerase extract prepared from HeLa cells with increasing amounts of UP1. Lane: 1, markers; 2--5 µM, 0 µM, 1 µM, 2.5 µM and 5 µM UP1.

It should be noted that the intensities of bands corresponding to relatively short DNA increase on the addition of UP1, while those corresponding to relatively long DNA decrease. For example, when the intensities with 1 µM UP1 (lane 3) are compared with those with no UP1 (lane 2), an increase is observed for bands corresponding to less than ∼160 bp, while a decrease is observed for those corresponding to more than ∼160 bp.

Enhancement of the telomerase activity by hnRNP A1/UP1 was reported by another group ([@B23]). They did not report that the enhancement becomes maximum at a certain hnRNP A1/UP1 concentration and that it is counteracted with higher hnRNP A1/UP1 concentrations. Thus, our results are consistent with their report and provide a more comprehensive view as to the effect of hnRNP A1/UP1 on the telomerase activity. In fact, it was reported by other group that binding of hnRNP A1/UP1 to single-stranded telomeric repeats inhibits telomerase extension ([@B33]). The apparent discrepancy may be rationalized to some extent by taking into account the hnRNP A1/UP1 concentrations applied to each experiment.

It was not reported either that the effect of hnRNP A1/UP1 depends on the length of synthesized telomeric DNA, because the synthesis of relatively short telomeric DNA was examined previously ([@B23]). The interpretation of our findings will be discussed later.

Formation of the UP1--telomerase RNA--telomeric DNA ternary complex revealed by a gel retardation experiment
------------------------------------------------------------------------------------------------------------

It was shown that UP1 specifically binds to telomerase RNA ([@B27]). Analysis with a deletion mutant of telomerase RNA indicated that binding of UP1 is detected to the 5′-terminal 71 nt of telomerase RNA, while binding is not detected to the 5′-terminal 56 nt of telomerase RNA ([@B27]). This suggests that residues 56--71 of telomerase RNA may be the binding site for UP1. We examined if UP1 binds to 15-mer telomerase RNA, r(UGAGAAGGGCGUAGG), corresponding to residues 56--71 of telomerase RNA through a gel retardation experiment. [Figure 2](#F2){ref-type="fig"}A shows that UP1 binds to the 15-mer. The binding is rather strong, the dissociation constant being estimated to be between 5×10^−8^ M and 5×10^−7^ M from [Figure 2](#F2){ref-type="fig"}A. This is the first demonstration that the short fragment of telomerase RNA is bound by UP1. The dissociation constant of the UP1:full-length telomerase RNA complex was shown to be between 2.5 × 10^−7^ M and 5 × 10^−7^ M ([@B26]). Thus, the affinity of UP1 to 15-mer RNA is comparable to or even higher than that to the full-length RNA ([@B27]). It was shown that the binding of UP1 to full-length telomerase RNA is specific ([@B27]). [Figure 2](#F2){ref-type="fig"}B shows that the addition of a 200-fold excess of tRNA as a competitor does not disrupt the binding of UP1 to the 15-mer (lane 2). This implies that the binding of UP1 to the 15-mer may also be specific like that to full-length telomerase RNA, which is expected from rather strong affinity of UP1 to the 15-mer. Figure 2.The formation of the binary and ternary complexes, as revealed by gel retardation experiments. (**A**) The binding of UP1 to 15-mer telomerase RNA. Cy5-labelled 15-mer telomerase RNA was incubated with increasing amounts of UP1, 0 µM, 0.05 µM, 0.5 µM and 1 µM for lanes 1--4. The mixtures were run on a polyacrylamide gel. (**B**) The binding of UP1 to 15-mer telomerase RNA in the presence of competitor tRNA. Cy5-labelled 15-mer telomerase RNA and UP1 (5 μM) were incubated in the presence of an excess amount of competitor tRNA. The weight ratios of tRNA/15-mer were 200 and 2000 for lanes 2 and 3, respectively. The 15-mer alone was applied for lane 1. (**C**) The formation of the UP1--telomerase RNA--telomeric DNA ternary complex. Cy5-labelled 15-mer telomerase RNA was incubated alone (lane 1) or with UP1 (5 µM) (lane 2). Then, 12-mer telomeric DNA (5 µM) was added to the solution of the UP1: 15-mer telomerase RNA binary complex (lane 3).

When 12-mer DNA containing a telomeric DNA sequence, d(GTCTTAGGGCGA), was added to the UP1:15-mer telomerase RNA binary complex, a super-shift of the band which may correspond to the formation of the ternary complex was observed in the gel retardation experiment (lane 3 in [Figure 2](#F2){ref-type="fig"}C). The results of western blotting confirmed that the super-shifted band still contains UP1 (data not shown). Therefore, the super shift strongly suggests the formation of the UP1:15-mer telomerase RNA:12-mer telomeric DNA ternary complex. The formation of the ternary complex was suggested on the basis of the results of affinity chromatography, in which longer telomerase RNA and DNA possessing multiple telomeric repeats were used ([@B27]). Our results on gel retardation are consistent with this idea.

Resonance assignments and the deduced secondary structure of UP1
----------------------------------------------------------------

The polypeptide produced on the cleavage of GST-UP1 with PreScission Protease is composed of the UP1 (M1-R196) protein and an N-terminal linker peptide (GPLGSPGIRCSV), totally 208 residues. Sequential assignments of the main chain H^N^, N, C^α^, C^β^ and C′ resonances were made for the peptide of 208 residues in the same way as reported for a related protein, hnRNP D ([@B26],[@B34],[@B35]). Resonance assignments were accomplished for ca. 90% of the polypeptide. The polypeptide corresponding to the N-terminal half of UP1 was analyzed and the assignments were reported ([@B36]). It was confirmed that our assignments for the whole UP1 are consistent with those reported for the N-terminal half.

The secondary structure of UP1 was deduced on the basis of the resonance assignments with the chemical shift index method ([@B37]). It was confirmed that the deduced secondary structure in solution is basically consistent with the structure found in a crystal ([@B38; @B39; @B40]).

Interactions in the UP1--telomerase RNA and UP1--telomeric DNA binary complexes revealed by NMR
-----------------------------------------------------------------------------------------------

The chemical shift perturbations of the ^1^H-^15^N HSQC correlation peaks of UP1 on the addition of 15-mer telomerase RNA were observed until a 1:1 molar ratio (data not shown). No further chemical shift perturbation was observed when further 15-mer was added. The increase in the line width of the correlation peak was moderate. These results indicate that one telomerase RNA molecule binds to one UP1 molecule. The chemical shift perturbations of the UP1 correlation peaks on the addition of telomerase RNA are mapped on the UP1 monomer structure of the dimer observed in a crystal ([@B38; @B39; @B40]). Most chemical shift perturbations are located on the two β-sheets side, and a few chemical shift perturbations on the back side ([Figure 3](#F3){ref-type="fig"}A), which indicates that the two β-sheets side is the binding surface. The binding on the β-sheet side was observed for other RNP-type binding domains, including those of a related protein, hnRNP D ([@B26],[@B34],[@B35]). Figure 3.Summary of the interactions and the schematic representations of the binary and ternary complexes. Mapping of chemical shift perturbations upon binding of 15-mer telomerase RNA (**A**) and 12-mer telom**e**ric DNA (**B**), respectively. The crystal structure of UP1 (PDB ID: 2up1) is used for mapping. The residues with combined chemical shift perturbations as to H^N^ and N of \>75 Hz, 75--45 Hz and 45--0 Hz are colored red, yellow and black, respectively, and those whose ^1^H-^15^N correlation peak disappeared are colored blue. The residues whose chemical shift perturbations were not unambiguously determined due to overlapping of peaks are colored gray. Schematic representations of the UP1--telomerase RNA binary complex (**C**), the UP1--telomeric DNA binary complex (**D**), the UP1--telomerase RNA--telomeric DNA ternary complex (**E**) and the more precise UP1--telomerase RNA--telomeric DNA ternary complex (**F**).

It was suggested that BD2 of hnRNP A1/UP1 is responsible for binding to telomerase RNA ([@B26]). However, the chemical shift perturbations were observed not only for BD2 but also for BD1 of UP1 ([Figure 3](#F3){ref-type="fig"}A). This indicates that both BDs bind to telomerase RNA to form the UP1--telomerase RNA binary complex under the conditions used for NMR experiments ([Figure 3](#F3){ref-type="fig"}C).

The chemical shift perturbations mainly on the two β-sheets side were also observed when 12-mer telomeric DNA was added to the UP1 solution ([Figure 3](#F3){ref-type="fig"}B). It was suggested that BD1 of hnRNP A1/UP1 is responsible for binding to telomeric DNA, although the possibility of the binding of BD2 to telomeric DNA was preserved ([@B27]). This time, the chemical shift perturbations were observed for both BDs of UP1, indicating that both BDs bind to telomeric DNA to form the UP1--telomeric DNA binary complex under the present conditions ([Figure 3](#F3){ref-type="fig"}D).

The crystal structure of UP1 bound to the single-stranded telomeric repeat DNA was reported ([@B40]). In crystal, dimeric UP1 bound to two oligodeoxyribonucleotides. Judging from the narrow line widths of ^1^H-^15^N HSQC correlation peaks of either UP1--telomerase RNA or UP1--telomeric DNA binary complexes, it is supposed that UP1 is monomeric in both the complexes.

Interactions in the UP1--telomerase RNA--telomeric DNA ternary complex revealed by NMR
--------------------------------------------------------------------------------------

When 12-mer telomeric DNA was added to a solution of the UP1--telomerase RNA binary complex, interesting changes in the chemical shift perturbations were observed. The position of an HSQC correlation peak of a certain residue for the UP1--telomerase RNA binary complex (green) is generally different from that for the UP1--telomeric DNA binary complex (black), as shown in [Figure 4](#F4){ref-type="fig"}. For most residues of BD1, when an equimolar amount of telomeric DNA to telomerase RNA was added to the UP1--telomerase RNA binary complex, the correlation peak originally observed at the position for the UP1--telomerase RNA binary complex appeared at the position for the UP1--telomeric DNA binary complex ([Figure 4](#F4){ref-type="fig"}A--C). This indicates that a portion of telomerase RNA originally bound to BD1 dissociated and that telomeric DNA bound to BD1 in place of telomerase RNA ([Figure 3](#F3){ref-type="fig"}E). Although a weak correlation peak remains at the position for the UP1--telomerase RNA binary complex for some residues of BD1, a dominant stronger correlation peak nonetheless appears at the position for the UP1--telomeric DNA binary complex ([Figure 4](#F4){ref-type="fig"}D and E). This once again reveals that BD1 is basically bound by telomeric DNA in the ternary complex. Figure 4.The formation of the ternary complex, as revealed by NMR chemical shift perturbations. Comparison of the position of a ^1^H-^15^N correlation peak for the UP1--telomerase RNA--telomeric DNA ternary complex (red) with those for either the UP1--telomerase RNA binary complex (green) or the UP1--telomeric DNA binary complex (black). The ternary complex was made by the titration of telomeric DNA to the UP1--telomerase RNA binary complex. An equimolar amount of telomeric DNA to telomerase RNA was added to the binary complex at the end of the titration. (**A**--**E**): D42, V68, K87, A74 and H77 of BD1, respectively; (**F**--**J**): H119, I162, F150, F153 and I107 of BD2, respectively.

hnRNP A2 also has two DNA/RNA-binding domains, BD1 and BD2. DNA/RNA binding of hnRNP A2 was characterized, and the possibility was raised that telomeric DNA may compete with telomerase RNA for binding to BD1 of hnRNP A2 ([@B41]). This is actually what we experimentally found for BD1 of hnRNP A1. Thus, hnRNP A1 and hnRNP A2 may share some features on DNA/RNA binding, although they exhibit differences in other aspects ([@B41]).

For many residues of BD2, in contrast, a correlation peak remains at the position for the UP1--telomerase RNA binary complex even after the addition of telomeric DNA ([Figure 4](#F4){ref-type="fig"}F and G). This indicates that the portion of telomerase RNA originally bound to BD2 remains there ([Figure 3](#F3){ref-type="fig"}E). In summary, analysis of chemical shift perturbations revealed the formation of the UP1--telomerase RNA--telomeric DNA ternary complex in which BD1 and BD2 bind to telomeric DNA and telomerase RNA, respectively ([Figure 3](#F3){ref-type="fig"}E).

It was noticed that for some residues of BD2, a dominant correlation peak appears at the position for the UP1--telomeric DNA binary complex, although a weak correlation peak remains at the position for the UP1--telomerase RNA binary complex ([Figure 4](#F4){ref-type="fig"}H and I). There is even a case that a correlation peak of a residue of BD2 appears at the position for the UP1--telomeric DNA binary complex, exclusively ([Figure 4](#F4){ref-type="fig"}J). These results imply that a portion of telomerase RNA originally bound to BD2 also dissociated to some extent and that telomeric DNA bound to BD2 in place of telomerase RNA in the ternary complex ([Figure 3](#F3){ref-type="fig"}F).

DISCUSSION
==========

We demonstrated that UP1 enhances the synthesis of relatively short telomeric DNA by telomerase. We revealed the formation of the UP1--telomerase RNA--telomeric DNA ternary complex through a gel retardation experiment, which is consistent with the previous suggestion derived from the experiment involving affinity chromatography ([@B27]). NMR chemical shift perturbation analysis provided detailed views of the interactions in the ternary complex, together with those in the UP1--telomerase RNA and UP1--telomeric DNA binary complexes. On the basis of the obtained information, we propose a model of how UP1 enhances the telomerase activity. First, UP1 captures telomerase through the interaction of both the BDs with telomerase RNA ([Figure 5](#F5){ref-type="fig"}A), as revealed by NMR chemical shift perturbation analysis ([Figure 3](#F3){ref-type="fig"}A and C). It is supposed that the presence of TERT bound to telomerase RNA does not interfere with the UP1--telomerase RNA interaction. In fact, it was shown that a column carrying GST-UP1 can specifically recover telomerase activity from a cell extract ([@B21]). At least 20% of total telomerase activity was present in the UP1-bound fraction ([@B21]). Then, telomerase-bound UP1 effectively searches for telomeric DNA with its affinity to telomeric DNA, particularly with the affinity of BD1 to telomeric DNA. When telomerase-bound UP1 encounters telomeric DNA, the BDs of UP1, particularly BD1, unfold the quadruplex structure of telomeric DNA into a single-stranded structure. Then, the UP1--telomerase--telomeric DNA ternary complex is formed through the interaction of BD1 with telomeric DNA ([Figure 5](#F5){ref-type="fig"}B), as NMR indicated that telomeric DNA bound to BD1 in place of telomerase RNA ([Figures 3](#F3){ref-type="fig"}E, F and [4](#F4){ref-type="fig"}). UP1 bridges telomerase and telomeric DNA through simultaneous BD1--telomeric DNA and BD2--telomerase RNA interactions. In this way, UP1 serves to recruit telomerase to telomeric DNA. Thus, telomerase is brought to telomeric DNA where it should function. Finally, telomerase RNA associates with telomeric DNA using the complementarity to telomeric DNA, which is present at the edge of the template region of telomerase RNA, and TERT synthesizes new telomeric DNA, UP1 being released meanwhile ([Figure 5](#F5){ref-type="fig"}C). In this model, the enhancement of the telomerase activity is brought about through the recruitment of telomerase to telomeric DNA and the unfolding of the quadruplex structure of telomeric DNA into a single-stranded structure by UP1. Figure 5.A model for how hnRNP A1/UP1 both enhances and represses the telomerase activity. A model for enhancement of the telomerase activity through the recruitment of telomerase to telomeric DNA by UP1 composed of BD1 and BD2 (**A**--**C**). (A) UP1 captures telomerase through binding of both BD1 and BD2 to telomerase RNA. Telomerase-bound UP1 searches for telomeric DNA with the affinity of BDs, particularly that of BD1, to telomeric DNA. (B) When telomerase-bound UP1 encounters telomeric DNA, the BDs of UP1, particularly BD1, unfold the quadruplex structure of telomeric DNA into a single-stranded form. Then, UP1 bridges telomerase and telomeric DNA through simultaneous BD1--telomeric DNA and BD2--telomerase RNA interactions. (C) Telomerase brought to telomeric DNA forms the telomerase RNA--telomeric DNA complex through their complementarity and begins to elongate the telomeric DNA. UP1 is released meanwhile. (**D**) An excess amount of UP1 may occupy the 3′-overhang of telomeric DNA and thus interfere with access of telomerase-bound UP1 to this region, which may result in the reduction of the telomerase activity. (**E**) When newly synthesized telomeric DNA becomes long, a certain higher order structure such as a loop structure may be formed with the assistance of UP1. The formed structure may sterically have an inhibitory effect on further elongation of telomeric DNA by telomerase. This may account for the reduction of the synthesis of longer telomeric DNA in the presence of UP1.

It was proposed that POT1 protein may disrupt quadruplex structures in telomeric DNA and thereby allow proper elongation by telomerase ([@B42]). So, hnRNP A1/UP1 and POT1 may share the similar role in telomere maintenance, at least in terms of unfolding. Therefore, the unfolding may be performed by POT1, in place of hnRNP A1/UP1, in some cases.

When the UP1 concentration was raised to 2.5 µM, the beginning of the decrease in the total telomerase activity was observed ([Figure 1](#F1){ref-type="fig"}). Occupation of the 3′-overhang of telomeric DNA by an excess amount of UP1 and resultant interference with binding of telomerase to telomeric DNA may account for this phenomenon ([Figure 5](#F5){ref-type="fig"}D).

Another thing is that the synthesis of relatively long-telomeric DNA was repressed by UP1 ([Figure 1](#F1){ref-type="fig"}). When the elongated telomeric DNA becomes longer, several distant parts of the elongated DNA may form a certain structure such as a loop structure with the assistance of UP1 ([Figure 5](#F5){ref-type="fig"}E). It was found in the crystal structure that two telomeric DNA strands are brought close to each other through the interactions with a UP1 dimer ([@B40]). This kind of interaction could result in the formation of the loop structure. The formed structure may sterically inhibit further proceeding of telomerase, resulting in a decrease in the synthesis. Reduction of the synthesis of long-telomeric DNA caused by UP1 may be rationalized in this way. Alternative interpretation may also be possible. Binding of UP1 to single-stranded telomeric DNA might enhance the dissociation of telomerase from the telomeric DNA, which would result in the production of shorter telomeric DNA.

It may be the case that the enhancement of the synthesis of relatively short DNA is sufficient for hnRNP A1/UP1 to contribute to maintenance of the telomere *in vivo*. Alternatively, a not yet identified cellular factor, which was depleted during the course of the preparation of the telomerase extract as hnRNP A1 and hnRNP D were, may facilitate further enhancement by hnRNP A1/UP1 *in vivo*. For example, a factor that promotes the dissociation of hnRNP A1/UP1 from the telomeric DNA might be present in cells to guarantee the enhancement of the synthesis of relatively long DNA.

We found for the first time that UP1 has the ability to unfold the quadruplex structure of telomeric DNA into a single-stranded structure ([@B24]). On the basis of this finding, we proposed that UP1 may serve to enhance the telomerase activity through unfolding of the quadruplex structure of telomeric DNA and resultant provision of the accessible overhang ([@B24]). We also proposed a similar effect for a related protein, hnRNP D ([@B26]). We assume that both unfolding and recruitment by hnRNP A1/UP1 contribute to the enhancement of the telomerase activity and the maintenance of the proper telomeric DNA length. Thus, hnRNP A1/UP1, together with hnRNP D, may be promising targets for controlling the activity of telomerase which is linked to several cancers.

It must be a next target to determine the structures of the UP1--telomerase RNA and UP1--telomeric DNA binary complexes and the ternary complex. The effort is in progress to improve the relatively poor solubility and stability of these complexes.
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